The goal of this study was to measure the ability of adult hearing-impaired listeners to discriminate formant frequency for vowels in isolation, syllables, and sentences. Vowel formant discrimination for F1 and F2 for the vowels /( ae #/ was measured. Four experimental factors were manipulated including linguistic context ͑isolated vowels, syllables, and sentences͒, signal level ͑70 and 95 dB SPL͒, formant frequency, and cognitive load. A complex identification task was added to the formant discrimination task only for sentences to assess effects of cognitive load. Results showed significant elevation in formant thresholds as formant frequency and linguistic context increased. Higher signal level also elevated formant thresholds primarily for F2. However, no effect of the additional identification task on the formant discrimination was observed. In comparable conditions, these hearing-impaired listeners had elevated thresholds for formant discrimination compared to young normal-hearing listeners primarily for F2. Altogether, poorer performance for formant discrimination for these adult hearing-impaired listeners was mainly caused by hearing loss rather than cognitive difficulty for tasks implemented in this study.
I. INTRODUCTION
It is well recognized that hearing-impaired listeners perform more poorly in speech perception tasks than normalhearing listeners. Previous studies in vowel perception in our laboratory measured the performance of vowel formant discrimination for hearing-impaired listeners for isolated vowels, showing degraded performance compared to normalhearing listeners ͑Coughlin et Richie et al. 2003͒ . However, little research has been done to investigate vowel formant discrimination for hearing-impaired listeners in more ordinary listening conditions with high-fidelity speech. The purpose of this study was to examine the performance of hearing-impaired listeners for vowel formant discrimination in a variety of stimulus conditions that included sentences with and without an identification task.
The ability to discriminate formant frequency under optimal and ordinary listening conditions has been systematically investigated for normal-hearing listeners in several studies by Kewley-Port and her colleagues ͑Kewley-Port and Watson, 1994; Kewley-Port and Zheng, 1999; Kewley-Port, 2001; Liu and Kewley-Port, 2004a , b͒. In optimal listening conditions, in which highly trained participants listened in quiet under minimal stimulus uncertainty testing, listeners showed the most accurate resolution of formant frequency. In more ordinary listening conditions for vowels in sentences, the formant resolution was degraded by a factor of 2.6 ͑Kewley-Port and Zheng, 1999͒. Many factors have been shown to affect formant resolution, including level of stimulus uncertainty ͑i.e., trial by trial variability in vowel stimuli͒, level of linguistic context, listener training, and background noise. Increases in stimulus uncertainty or level of linguistic context ͑from isolated vowels to sentences͒ degraded vowel formant discrimination performance ͑Kewley-Port and Zheng, 1999; Liu and Kewley-Port, 2004a͒ . Background noise also significantly degraded formant resolution, particularly when noise level was equal to or higher than speech level ͑Liu and Kewley-Port, 2004b͒ . However, when a complex sentence identification task was added to formant discrimination for vowels in sentence, the performance was the same for formant discrimination without the additional identification task ͑Kewley- Port and Zheng, 1999; Liu and Kewley-Port, 2004a͒ , implying that the formant resolution for vowels may be independent of the identification of sentences under some conditions.
The above-specified studies used young normal-hearing listeners. However, to date, formant discrimination for hearing-impaired listeners has focused on only isolated vowels. Coughlin et al. ͑1998͒ examined formant discrimination ability and vowel identification for three groups of listeners: young normal-hearing ͑YNH͒, elderly normal-hearing ͑ENH͒, and elderly hearing-impaired listeners ͑EHI͒. The stimuli were four formant-synthesized American English vowels presented at 70 and 95 dB SPL. Results suggested that thresholds for vowel formant discrimination for F1 were the same across listener groups and stimulus levels. However, EHI listeners had higher thresholds than YNH for F2. For hearing-impaired listeners, vowel formant discrimination improved significantly from 70 to 95 dB SPL, especially for F2. They argued that improved performance was due to the better audibility at 95 dB SPL for the hearing-impaired lis-teners. However, EHI listeners still had higher thresholds than YNH for F2 at 95 dB SPL, indicating that audibility alone was not sufficient for hearing-impaired listeners to achieve normal discrimination performance.
Another recent study of formant discrimination for isolated vowels investigated the formant resolution for listeners with hearing loss at three different intensity levels: soft conversation level at 60 dB SPL and two gain conditions with one having a flat frequency response ͑at 95 dB SPL͒ and the other having frequency-specific gain ͑Richie et al., 2003͒. Results confirmed the findings of Coughlin et al. ͑1998͒ that hearing-impaired listeners had significantly better discrimination performance at the two gain conditions compared to the low conversational level, although these thresholds were markedly higher than those for normal-hearing listeners for both gain conditions. Thus, both of these two recent studies suggested that there were some factors other than audibility to account for the degradation in formant discrimination for hearing-impaired listeners.
There are several hypotheses to explain deficits in speech perception for hearing-impaired listeners. One hypothesis is that reduced speech-recognition abilities for hearing-impaired listeners are predominantly caused by hearing loss, including the decreased audibility and secondary distortions accompanying the loss of pure-tone sensitivity. In studies by Humes and colleagues ͑Humes et al., 1987; Humes et al., 1990͒ , the nonsense syllable test was presented at different levels in quiet and noise conditions for hearingimpaired listeners, as well as normal-hearing listeners with simulated hearing loss. Results suggested that there was no significant difference in speech-recognition performance between noise-masked normal listeners and hearing-impaired listeners. Thus, the authors concluded that the loss of audibility was the major factor contributing to degraded speech recognition. Needleman and Crandell ͑1997͒ found that speech reception thresholds for the Speech Perception in Noise test were significantly better for noise-masked, normal-hearing listeners than those for hearing-impaired listeners. They concluded that reduced frequency selectivity might account for the degraded speech recognition for hearing-impaired listeners. In addition, Hedrick and Jesteadt ͑1997͒ reported that, to distinguish /p/-/t/ stops, normalhearing listeners used cues in the formant transitions as well as the relative amplitude, while hearing-impaired listeners primarily used the relative amplitude in the F4 and F5 regions. They argued that low perceptual weighting given to formant transition cues by hearing-impaired listeners may be partially due to a peripheral physiology deficit that resulted in a poor representation of dynamic formant transition. Thus, results from these studies suggest that reduced spectral and temporal resolution, in addition to reduced audibility, contributed to hearing-impaired listeners' difficulty in understanding speech signals, consistent with the two studies of formant discrimination described earlier ͑Coughlin et Richie et al., 2003͒. However, these discrimination studies used quite artificial, steady-state vowels. The main purpose of this study was to use more normal and dynamic speech stimuli to assess formant discrimination in syllables and sentences as an extension of Liu and Kewley-Port's study ͑2004a͒. Specifically, that study of formant discrimination in high-fidelity syllables and sentences with young normal-hearing listeners was extended here to comparable adult hearing-impaired listeners.
Another hypothesis about speech recognition proposes that poor performance is due to cognitive factors other than hearing loss. Rakerd et al. ͑1996͒ assessed the cognitive demands of speech listening for young and elderly listeners with normal hearing and hearing loss using a dual-task method that included a digit memorization task and speech understanding task. Results suggested that, when cognitive load was high, hearing-impaired listeners had higher susceptibility, i.e., lower speech understanding performance and more errors in the digit memorization, than normal-hearing listeners had. They concluded that cognitive factors could prominently contribute to the difficulty of speech understanding for hearing-impaired listeners. On the other hand, degraded functions of formant discrimination were nearly equivalent between young ͑Richie et al., 2003͒ and elderly hearing-impaired listeners ͑Coughlin et al., 1998͒, suggesting that cognitive effects of aging were not important factors and rather that hearing impairment was the primary factor. However, it should be noted that because only isolated vowels were used in both studies, cognitive processing demands were limited. If higher level processing is required for target vowels embedded in sentences, it is unknown whether or not cognitive factors may additionally degrade discrimination performance for the hearing-impaired listeners. In our previous studies using sentences ͑Kewley-Port and Zheng, 1999; Liu and Kewley-Port, 2004a͒, a dual task condition ͑dis-crimination and identification͒ was included. Even though performance for formant discrimination for normal-hearing listeners was not degraded, an increase in cognitive load caused by the dual task might have affected the hearingimpaired listeners based on research by McCoy et al. ͑2005͒ and Wingfield et al. ͑2005͒ . They suggested that consequences of even a mild hearing loss might cause elderly listeners to exert extra effort to successfully perceive speech. Thus a secondary goal of this study was to examine effects of cognitive load on vowel formant discrimination for hearing-impaired listeners using the same dual task of discrimination with identification in sentences as an extension of the Liu and Kewley-Port ͑2004a͒ study. In this additional identification task, listeners were required to identify both the target word and the carrier sentence ͑i.e., listeners had to store and recall additional items from working memory͒, and then discriminate formant frequency difference. However, given that this additional identification did not affect discrimination performance for normal-hearing listeners and that our hearing-impaired listeners were young to middleaged, effects of this additional identification were not predicted.
In summary, four factors were manipulated to meet the purposes of the present study, signal level: 70 dB SPL and 95 dB SPL; formant frequency ͑F1 and F2 of four vowels, i.e., eight vowel formants͒; level of linguistic context ͑iso-lated vowels, syllables, and sentences͒; and cognitive load ͑discrimination in sentences with and without identification͒.
II. METHOD

A. Stimuli
Four American English vowels /( ae #/ were used as stimuli and these vowels covered a wide range of formant frequencies from a low F1 to a high F2 over the English vowel space ͑see Table I͒ . Thresholds for formant discrimination for F1 and F2 of these four vowels were measured in three types of linguistic context: isolated vowels, syllables, and sentences. In addition, for the sentence context, formant discrimination was examined with and without an additional word/sentence identification task described in the following.
The four original /bVd/ syllables recorded from a female talker were the same ones used in an earlier study ͑Liu and Kewley-Port, 2004a͒. Standard vowels without formant shifts and test vowels with formant changes were synthesized using a modified STRAIGHT procedure ͑Kawahara et al., 1999͒. F1 and F2 for each standard syllable were shifted systematically by 24 steps using a linear scale. The range of formant frequency shifts was from 0.9% to 17% of the formant frequency for each F1 and F2. The procedure to shift target formant frequencies is described briefly as follows: First, a matrix in MATLAB representing the spectrogram ͑am-plitude ϫ time ϫ frequency͒ of the standard syllable, was obtained by the analysis in STRAIGHT. Second, to shift a formant peak, the temporal location of the formant across the syllable, including transitions, was visually identified. Third, in each time frame ͑i.e., one spectrum͒, the formant shift was manipulated for the portion between the valleys on either side of the formant peak. Amplitude in the low-frequency valley was adjusted to be a constant across the frequency range corresponding to the frequency shift, while the highfrequency valley was collapsed by replacing the original amplitude values with the shifted peak, such that the shift in the selected formant frequency resulted in no change in other formants. Thus, detail in the formant peaks was preserved in this procedure, with the valleys only somewhat changed. Finally, this modified two-dimensional matrix was reloaded into STRAIGHT and used with other unchanged acoustic parameters such as F0 and amplitude contours for resynthesis ͓for more details, see Liu and Kewley-Port ͑2004c͒ and their Fig. 1͔ . Formant shifts included the steady-state portions as well as the onset and offset formant transitions in the /bVd/ syllables. The isolated vowels were subsequently edited by deleting the formant transition at the beginning and the end of the syllable such that only the steady-state vowel nucleus remained. Durations for the standard isolated vowels ranged from 107 to 198 ms ͑see Table I͒. Liu and KewleyPort ͑2004a͒ reported that syllables, phrases, and sentences resynthesized from a female talker using STRAIGHT were essentially indistinguishable from the original in informal listening tasks. They termed the STRAIGHT-synthesized speech "high-fidelity" speech because of its high quality that resembled natural speech. These high-fidelity speech stimuli have been used for several recent studies on formant discrimination ͑Liu and Kewley-Port, 2004a,b,c͒.
The three nine-word sentence frames in which the word /bVd/ was embedded near the beginning, in the middle, or near the end position are shown in Table II . These three sentence frames recorded from the same female talker, sharing several common words with similar linguistic meanings, were selected in order to increase listeners' difficulty for identifying the sentence in the additional identification task. The standard and test syllables were inserted into the sentences using a digital waveform editor. Essentially, the original syllable was replaced by the resynthesized syllable. All the stimuli were presented at two levels, 70 and 95 dB SPL. Because Richie et al. ͑2003͒ reported that there was no difference in performance for formant discrimination for hearing-impaired listeners between a shaped and a flat gain of 95 dB SPL, both of which increased the level of the speech signal to well above threshold for octave frequencies below 4000 Hz, only the flat gain was employed in this study.
B. Listeners
Five adult listeners from 21 to 55 years old with hearing loss participated in this study. They were American-English native speakers and were paid for their participation in this study. The age range for hearing-impaired listeners was cho- Three sentences used for linguistic context of sentences:
The /bV d / word is first on the page now. The first word is /bV d / on the page again. The first word on the book is /bV d / now.
sen as 20-50 years in order to compare results obtained here to those reported by Liu and Kewley-Port ͑2004a͒. All listeners had normal middle ear functions. To assure audibility of the vowels at 95 dB SPL, the audiometric criteria for listener selection were thresholds between 25 and 60 dB HL at 2000 Hz and no thresholds greater than 65 dB HL within the range of 250-4000 Hz. Magnitude and configuration of hearing loss are shown in Fig. 1 , indicating mild to moderate high-frequency sloping hearing loss of cochlear origin.
C. Procedures
Speech stimuli were presented to the right ears of listeners who were seated in a sound-treated, IAC booth, via TDH-39 earphones. Stimulus presentation was controlled by TDT modules including a 16-bit D/A converter, a programmable filter, and a headphone buffer with a sample rate of 11 025 Hz. A low-pass filter with a cutoff frequency of 5000 Hz and a slope of 80 dB/ octave, and an attenuation level set by the calibration procedure, was configured in the programmable filter. The standard vowel // lengthened to a duration of 3 s was used for calibration. The sound-pressure level measured in an NBS-9A 6-c 3 coupler by a LarsonDavis sound-level meter ͑Model 2800͒ using the linear setting was adjusted to be either 70 or 95 dB SPL. The amplification of the other standard syllables was adjusted such that the signal level was also either 70 or 95 dB SPL.
Thresholds of vowel formant discrimination were measured for F1 and F2 for the four English vowels, using a three-interval, forced-choice procedure with a two-down, one-up tracking algorithm, estimating 71% correct responses ͑Levitt, 1971͒. There were three levels of linguistic context: isolated vowel, syllable, and sentence. For isolated vowels and syllables, the standard isolated vowel or syllable was presented in the first interval, followed by a standard and a test vowel/syllable randomly ordered in the second and third intervals. The listener's task was to indicate which of the two test intervals contained the different vowel/syllable. For sentences, the standard syllable was presented alone in the first interval followed by two test intervals, each containing the same sentence frame selected from the three sentence frames ͑Table II͒. The standard and test syllables were imbedded in the sentence, and listener's task was to detect which of the two intervals contained the test syllable. For the sentence discrimination plus identification task, listeners were asked to identify which one of the four target words contained the test vowel that they heard and which one of the three sentences was presented, and then to indicate which test interval contained the vowel with the formant shift. In this complex task, listeners had to remember the sentence, target word, and test interval, then circle their target word ͑e.g., bid͒ and sentence ͑e.g., the first word is /bVd/ on the page again͒ responses on a paper form, and then complete the discrimination task using the computer keyboard ͑e.g., the third interval͒.
Following the terminology in Watson's research ͑Wat-son, 1987͒, level of stimulus uncertainty can be categorized into four groups: low, medium, high, and very high. Results from Kewley-Port ͑2001͒ indicated that formant thresholds were not significantly different for medium levels of stimulus uncertainty ranging from 8 to 22 stimuli per block. Thus, in order to simulate ordinary listening conditions, the level of stimulus uncertainty in the present experiment was medium, i.e., all eight formants were randomly presented in each block for the isolated vowel and syllable tasks. For the sentence tasks, the 24 test conditions ͑two formants for the four vowels in three positions͒ were split equally into two groups such that trials within one block presented 12 conditions. There were 96 trials in each block for all conditions. All conditions were presented in a sequence randomized daily for each listener. The duration of each block was approximately 7 min for isolated vowels and syllable, and 14 min for sentences. Each daily session lasted 1.5-2 h. After extensive training, a threshold ⌬F in hertz for each listener was averaged from the mean reversals over the last four blocks in which performance was judged as stable by visual inspection. Because the three sentences had quite similar meaning and structure, an average threshold was calculated over the three positions for the sentence discrimination conditions, with and without identification.
III. RESULTS
A. Formant frequency, linguistic context, and signal level
Average thresholds across listeners for the three linguistic contexts and two signal levels are shown in Fig. 2 . Overall, thresholds increased as the formant frequency increased in the F2 region. A three-factor ͑formant frequency ϫ linguistic context ϫ signal level͒ repeated-measures analysis of variance ͑ANOVA͒ with ⌬F as the dependent variable showed that thresholds for formant discrimination were affected significantly by formant frequency ͓F͑7,28͒ = 15.404, p Ͻ 0.001͔ and linguistic context ͓F͑2,8͒ = 4.908, p Ͻ 0.05͔. The effect of signal level was not significant ͓F͑1,4͒ = 4.657, p = 0.097͔. None of the two-way and three-way interaction effects was significant ͑p Ͼ 0.05͒, suggesting that threshold-frequency functions showed similar patterns across linguistic context and signal level.
In order to measure the simple main effect of linguistic context under each signal level, two-way ͑formant frequency ϫ linguistic context͒ repeated-measures ANOVAs were completed for 70 and 95 dB SPL. Formant frequency had significant effects on ⌬F for both 70 and 95 dB SPL ͑p Ͻ 0.05͒. For the speech level at 70 dB SPL, there was no significant effect of linguistic context ͓F͑2,8͒ = 2.160, p Ͼ 0.05͔, whereas for the speech level at 95 dB SPL, linguistic context significantly affected formant discrimination ͓ F͑2,8͒ = 7.152, p Ͻ 0.05͔. A post hoc Tukey test at the 95 dB SPL suggested that there was a significant difference in ⌬F between the syllable and sentence contexts ͑p Ͻ 0.05͒, while no significant difference was obtained between the isolated vowel and either syllable or sentence contexts. Although significantly better performance for isolated vowels than for syllables was reported for normal-hearing listeners in our previous studies ͑Liu and Kewley-Port, 2004a, b͒, there was no significant difference in thresholds between isolated vowels and syllables for the hearing-impaired listeners as illus-trated in Fig. 3 , even though there were slightly higher thresholds for isolated vowels than for syllables at both 70 and 95 dB SPL. Overall results suggest that linguistic context has a greater effect on formant discrimination at the high signal level than at the low signal level.
The above-mentioned three-way ANOVA results suggested a nonsignificant effect of signal level ͑p = 0.097͒. Overall, in Fig. 3 , given the same linguistic context, average thresholds for 70 dB were unexpectedly lower than thresholds for 95 dB SPL, based on better performance at higher levels for the two previous studies ͑Coughlin et Richie et al., 2003͒. In particular, formant thresholds on average increased by 19% from 70 to 95 dB SPL for sentence context, while they increased by only 10% and 11% for isolated vowel and syllable context, respectively. This indicates that signal level may have greater effects on performance of formant discrimination for the longer linguistic context, than for the shorter linguistic contexts.
B. Discrimination with identification task
The discrimination with identification task required listeners to listen to the three stimuli, indicate on paper the target word and sentence frame heard, and then to indicate which stimulus had a different formant using a keyboard response. The purpose of intentionally making this a complex auditory task was to increase cognitive load, which refers to "the total amount of mental activity imposed on working memory at an instance at time" ͑Cooper, 1998͒. Compared to formant discrimination in sentence only, an additional identification task required a greater amount of men- tal activity in working memory, i.e., memorization of the target word and carrier sentence. The resulting formant discrimination functions were, however, essentially similar for the sentence task with and without the additional identification task for both 70 and 95 dB SPL, as shown in Fig. 4 . A three-way ͑formant frequency ϫ with and without ID ϫ signal level͒ repeated-measure ANOVA showed that formant frequency ͓F͑7,28͒ = 21.565, p Ͻ 0.001͔ had a significant effect on formant thresholds, whereas there were no significant effects of signal level ͓F͑1,4͒ = 5.531, p = 0.078͔ and the added identification task ͓F͑1,4͒ = 0.813, p Ͼ 0.05͔. In addition, no significant effects of any two-way and three-way interactions were found ͑p Ͼ 0.05͒, suggesting similar patterns for the discrimination functions across the identification task and signal level ͑see Fig. 4͒ . For the sentence task with and without the identification task, formant discrimination was better for 70 dB SPL than for 95 dB SPL, mainly in the F2 region ͑24% lower thresholds at 70 dB SPL͒.
IV. DISCUSSION
A. Factors affecting formant discrimination for hearing-impaired listeners
Formant frequency
As shown in Fig. 2 , thresholds increased with the increasing formant frequency, mostly in the F2 region for hearing-impaired listeners. Figure 2 shows that thresholds were relatively constant in the F1 region, while they increased linearly at the F2 region. This is consistent with Kewley-Port and Watson's ͑1994͒ finding that a piecewiselinear model fit well to formant thresholds, ⌬F, for isolated vowels for normal-hearing listeners. This same regression model with the break point at 800 Hz was applied to the present data. For the speech level at 70 dB SPL, because there was no significant effect of linguistic context, average thresholds over the three linguistic contexts were used in the regression analyses. There was no significant linear relationship between ⌬F and formant frequency in the F1 region ͑p Ͼ 0.05͒, where thresholds were nearly constant at 50 Hz. However, thresholds increased linearly with formant frequency ͑p Ͻ 0.05͒ at a rate of 109 Hz/ 1000 Hz at F2 region above 800 Hz. For the speech level at 95 dB SPL, because thresholds for sentences were significantly higher than thresholds for syllables, regression analyses were conducted for sentence ͑long linguistic context͒, thresholds and average thresholds of isolated vowels and syllables ͑short linguistic context͒ respectively. In the F1 region, results at 95 dB SPL showed no significant linear relationship between ⌬F and formant frequency with an average ⌬F at 41.0 and 52.7 Hz ͑p Ͼ 0.05͒ for short and long linguistic contexts, respectively. On the other hand, thresholds increased linearly with formant frequencies at F2 region above 800 Hz at a rate of 123 Hz/ 1000 Hz ͑p Ͻ 0.05͒ for the short linguistic context and at a rate of 149 Hz/ 1000 Hz ͑p Ͻ 0.05͒ for the long linguistic context. Overall, the threshold-frequency functions for hearing-impaired listeners were fit well to the piecewiselinear model for different linguistic contexts and signal levels.
Linguistic context
As shown in Fig. 3 , thresholds of formant discrimination were poorest for the sentence context, the best for the syllable context, with the isolated vowel in between. This pattern of the context effects for hearing-impaired listeners is different from normal-hearing listeners in Liu and KewleyPort ͑2004a,b͒, who used the same stimuli as the present study. Comparing across their two studies, the best performance for formant discrimination was in isolated vowels ͑Liu and Kewley-Port ͑2004b͒, and the poorest performance was in sentences, while syllable performance was in between ͑Liu and Kewley-Port 2004a͒. As shown in Table I , the syllable duration for each vowel was almost 50% longer than duration for the isolated vowel. The reversal effect of syllable context for hearing-impaired compared to normalhearing listeners might be accounted for by two possibilities. One explanation is that, for the formant discrimination task, hearing-impaired listeners may rely on the integration of static and dynamic cues while normal-hearing listeners primarily rely on the static cues for the formant discrimination task. In other words, perceptual weighting was mainly on the steady state of vowels for normal hearing listeners, while both the steady and dynamic state cues were used for hearing-impaired listeners. Another possibility is that hearing-impaired listeners with high-frequency hearing loss may benefit from the low frequency of F2 during the onset formant transition ͑more than 20 ms for all the four vowels͒ of the /bVd/ syllable used in this study. As the linguistic context was increased to sentences, thresholds for formant discrimination were generally elevated for hearing-impaired listeners, similar to normal hearing listeners ͑Kewley-Port and Zheng, 1999; Liu and Kewley-Port, 2004a͒, although significantly elevated only at the 95 dB SPL level. Figure 3 shows that, given the same linguistic context, thresholds for formant discrimination were higher for 95 dB SPL than for 70 dB SPL. An additional analysis separating F1 and F2 suggested that formant thresholds in the F1 region were nearly the same, i.e., 1.6% change, between 70 and 95 dB SPL, while thresholds in the F2 region for 95 dB SPL were 18% higher than for 70 dB SPL over the three linguistic contexts ͑see Fig. 5͒ . This reverse level effect is different from the two previous studies of formant discrimination and several other studies of speech perception for hearingimpaired listeners. Several studies ͑Ching et Studebaker et al., 1999; Turner and Cummings, 1999͒ reported that speech recognition was improved with the intensity levels up to almost 100 dB SPL for listeners with mild/moderate hearing loss ͑the same with our listeners͒, although for listeners with severe hearing loss there was a rollover level effect at high intensity levels. The difference in the level effects between the present study and other studies could be due to the difference in auditory tasks ͑discrimination versus identification͒ and audiogram configuration. Several factors that may account for the reverse level effect in the present study are examined in the following, including audibility, frequency selectivity, upward spread of masking, and forward and backward masking of vowel formants in sentence context.
Signal level
In order to examine audibility of the vowels for the hearing-impaired listeners, excitation patterns appropriate for hearing-impaired listeners ͑Moore and Glasberg, 2004͒ were calculated for the four vowels at 70 and 95 dB SPL for each listener. The F1 and F2 peaks in the excitation patterns of the four vowels at 70 and 95 dB SPL were well above the audiogram for all four vowels for most hearing-impaired listeners, indicating that most of the formants tested were audible ͑e.g., see Fig. 6 that displays excitation patterns for the /I/ vowel and audiogram for listener S2 in the present study in the upper panel͒. F2 for /I/ is clearly audible at 95 dB SPL and therefore poor audibility is not the source of the reverse level effect. Consider that Coughlin et al. ͑1998͒ and Richie et al. ͑2003͒ reported that hearing-impaired listeners performed better in formant discrimination at the high intensity level ͑95 dB SPL͒ than at the low intensity level ͑70 dB SPL for the study of Coughlin et al. and 60 dB SPL for the study of Richie et al.͒ as expected from audibility. In fact, excitation patterns, calculated for each vowel for each listener used in their studies, suggested that F2 was inaudible or partially audible at low levels, while fully audible at 95 dB SPL. For example, observe evidence for poor audibility of F2 at low levels in the middle panel of Fig. 6 for listener S2 who participated in the study of Richie et al. ͑2003͒ and in the lower panel of Fig. 6 for a listener from Coughlin et al. ͑1998͒ with a similar audiogram to S2. Thus, although in the two previous studies, audibility appeared to be a major factor degrad- ing discrimination performance at low signal levels, this explanation fails to account for the observed reverse level effect here.
A possible mechanism that may explain the reverse level effect for hearing-impaired listeners is reduced frequency selectivity at 95 dB SPL compared to 70 dB SPL. Auditory filters broadened somewhat with an increase of signal level ͑Moore and Glasberg, 1997; Baker and Rosen, 2002͒ . As shown in Fig. 6 , peak-to-valley contrasts of F1 and F2 in the excitation patterns for the four vowels in the present study were slightly reduced ͑less than 1 dB on average͒ from 70 to 95 dB SPL for hearing-impaired listeners. Apparently a reduction in peak-to-valley contrasts of F1 and F2 as signal level increased may play a limited role in the increased formant thresholds at 95 dB SPL.
Another possibility accounting for the higher formant thresholds at 95 dB SPL could be the upward spread of masking produced by F1. As noted earlier, the level effect was found primarily for F2, but not for F1. As signal level is increased, more upward spread of masking on F2 was observed for hearing-impaired listeners ͑Leek and Summers, 1993; Zwicker and Jaroszowski, 1982͒. Summers and Leek ͑1997͒ found that CV identification increased with F1 attenuation up to 18 dB for both normal-hearing and hearingimpaired listeners. Thus, upward spread of masking caused by F1 might increase the difficulty of discriminating vowel formant frequency in F2 at the high presentation level in the present study.
As noted in Sec. III, for the sentence context, the increase in ⌬F with the level increase was markedly higher than for isolated vowels and syllables. This suggests that, when target vowels are presented in sentences, some other mechanism may also contribute to poor formant discrimination at high signal levels. One possibility may be that formant discrimination in sentences is affected by forward and backward masking resulting from the speech preceding and following the target vowel. Studies of intensity discrimination for pure tones under forward masking suggested a nonmonotonic function from 20 to 100 dB SPL for normalhearing listeners ͑Zeng et al., 1991; Zeng and Turner, 1992͒ and hearing-impaired listeners ͑Zeng and Shannon, 1995͒. In addition, given that vowel recognition was significantly degraded by backward masking according to Dorman et al. ͑1977͒ , backward masking may also affect formant discrimination in sentences in the present study.
Summarizing, elevation of formant discrimination thresholds at high stimulus levels in the present study may be accounted for by two mechanisms, depending on linguistic context. When the linguistic context is short, reduced formant discrimination at higher levels is likely due to the poorer representation of high-frequency formants and greater upward spread of masking on F2. When the target vowel is embedded into a long linguistic context, the forward and backward masking resulting from the preceding and following speech may additionally degrade formant discrimination.
Discrimination with identification task
No significant effects of the additional identification task were found on the performance of vowel formant discrimination at either the 70 or 95 dB SPL level, consistent with previous studies for normal-hearing listeners ͑Kewley-Port and Zheng, 1999; Liu and Kewley-Port, 2004a͒. Although cognitive load in working memory was increased to process the responses for both tasks, cognitive processing for sentence identification did not affect the processing of the spectrotemporal information necessary for the discrimination task. Our results are in some agreement with a related study by Gordon-Salant and Fitzgibbons ͑1997͒. They reported the results of two recall tasks when the availability of context cues and different speech rates were manipulated for young and elderly listeners with either normal or impaired hearing. Results showed that recall performance was better for normal-hearing than for hearing-impaired listeners for both age groups. The authors suggested that speech recognition by elderly listeners with hearing loss was dependent on both auditory and cognitive factors. However, similar to our results with younger listeners, effects of hearing impairment were observed without additional effects of cognitive load in their speech recognition tasks. Taken together, the results support a conclusion that cognitive processing for sentence identification is essentially independent from processing necessary for formant discrimination for both younger hearingimpaired listeners and normal-hearing listeners.
B. Comparison between normal-hearing and hearingimpaired listeners
The syllable and sentence tasks in the present study were identical to those presented to young normal-hearing listeners in Liu and Kewley-Port ͑2004a͒ at the 70 dB SPL signal level. The formant thresholds for those normal-hearing and our hearing-impaired listeners are shown in Fig. 7 ͑syllable and sentence͒, hearing-impaired listeners had significant higher thresholds than normal-hearing listeners ͑p Ͻ 0.05͒. Because threshold differences appeared to occur primarily for F2 ͑Fig. 7͒, separate analysis of the F1 and F2 data were conducted. Three-way ANOVAs on F1 and F2 ͑formant frequencyϫ linguistic contextϫ hearing group͒ suggested that no significant effect of hearing status was found for the F1 region ͓F͑1,56͒ = 0.648, p Ͼ 0.05͔, while formant thresholds were significantly higher for hearingimpaired listeners for the F2 region ͓F͑1,56͒ = 20.094, p Ͻ 0.05͔. This is consistent with the study of Coughlin et al. ͑1998͒ that reported similar thresholds for F1 but different thresholds for F2 between young normal-hearing and elderly hearing-impaired listeners for isolated synthetic vowels. The present study extends their results to vowels in syllables and sentences to demonstrate that mild-to-moderate sloping hearing impairment had no effect on the auditory processing of F1 at a conversational level of 70 dB SPL that was used in both studies. These results are commensurate with the physiological findings that the internal representation of vowels as a result of sloping sensorineural hearing loss is relatively unchanged for F1, but degraded for F2 ͑Javal, 1997; Miller et al., 1997͒ .
C. General discussion and conclusions
The aim of the present study was to investigate how two factors, hearing loss and cognitive load, influenced vowel formant discrimination for adult listeners. Thresholds of formant discrimination for syllables and sentences were significantly elevated for hearing-impaired listeners compared to thresholds for young normal-hearing listeners ͑Fig. 7͒. However, formant discrimination was elevated in the F2 region by almost 100%, where the greater hearing loss occurred, rather than in the F1 region. When cognitive load was increased, i.e., when a complex sentence identification task was added to the formant discrimination task, results were similar to previous results from normal-hearing listeners ͑Liu and Kewley-Port, 2004a͒, suggesting that the additional sentence identification task had little effect on formant discrimination. Thus, higher thresholds for formant discrimination by hearing-impaired listeners for sentences were not due to the difficulty of cognitive task, but rather due to the hearing loss.
The present results showed that high signal levels for speech signals degraded thresholds for formant discrimination for hearing-impaired listeners rather than improved performance when audibility was assured. Several factors were considered to account for the level effect on formant discrimination, including audibility, frequency selectivity, and upward spread of masking on F2. All these factors may interact with each other to affect formant discrimination. In the present study, decreased frequency selectivity and greater upward spread of masking on F2 at the high signal level may have contributed to the reverse level effect of formant discrimination. Furthermore, when the target vowel was embedded in a sentence context, forward and backward masking caused by the preceding and following speech may have also degraded formant discrimination at the high speech level.
In conclusion, adult listeners with hearing loss had higher thresholds for the same linguistic context and the same speech level, primarily for the F2 region, compared to normal-hearing listeners. This study also suggests that degraded vowel formant discrimination in sentences by hearing-impaired listeners was not due to an increased cognitive load, but was caused primarily by auditory factors associated with hearing loss.
